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We report that current-induced spin-orbit torques (SOTs) in heavy-metal/ferromagnetic-metal
bilayers are strongly altered by the oxidation of the ferromagnetic layer near the interface. We
measured damping-like (DL) and field-like (FL) SOTs for Pt/Co and Pt/Ni81Fe19 (Pt/Py) films
using spin-torque ferromagnetic resonance. In the Pt/Co film, we found that the oxidation of the
Co layer near the interface enhances both DL and FL SOTs in spite of the insulating nature of
the CoOx layer. The enhancement of the SOTs disappears by inserting a thin Ti layer at the
Pt/CoOx interface, indicating that the dominant source of the SOTs in the Pt/CoOx/Co film is
the spin-orbit coupling at the Pt/CoOx interface. In contrast to the Pt/CoOx/Co film, the SOTs
in the Pt/PyOx/Py film are dominated by the bulk spin-orbit coupling. Our result shows that the
interfacial oxidation of the Pt/Py film suppresses the DL-SOT and reverses the sign of the FL-SOT.
The change of the SOTs can be attributed to the change of the real and imaginary parts of the spin
mixing conductance induced by the insertion of the insulating PyOx layer. These results show that
the interfacial oxidation provides an effective way to manipulate the strength and sign of the SOTs.
I. INTRODUCTION
Current-induced spin-orbit torques (SOTs) in heavy-
metal/ferromagnetic-metal (HM/FM) heterostructures
provide a route to realize efficient spin-based nonvolatile
memories and logic devices [1–7]. The SOTs are gener-
ated by bulk and interfacial spin-orbit coupling in the
HM/FM structure [1, 2, 4, 5, 8–14]. The bulk spin-
orbit coupling in the HM layer generates the SOTs by
the bulk spin Hall effect [1, 3]. The interfacial spin-orbit
coupling also contributes to the SOTs through various
mechanisms, such as the Rashba-Edelstein effect and in-
terfacial spin-orbit scattering [2, 13, 15, 16]. Of partic-
ular importance to understand the physics behind the
SOT generation, as well as to realize the SOT devices, is
the manipulation of the SOTs in the HM/FM structures.
Since several bulk and interfacial mechanisms contribute
to the SOT generation in the HM/FM structures, the
magnitude and sign of the SOTs can be varied by tuning
the layer thicknesses [17] and the interface engineering of
the HM/FM structure [18]. The generation efficiency of
the SOTs has been shown to be enhanced by doing HM
impurities with strong spin-orbit coupling [19–22].
Recent studies have revealed an alternative, effective
way to control the SOTs: oxidation-level engineering of
the SOTs. Although the spin-orbit coupling of oxygen
is quite weak, contrary to HM impurities, the oxygen in-
corporation dramatically alters the SOTs in the HM/FM
structures. In the HM/FM structure, the control of the
oxidation level of the FM layer enables to engineer the
SOTs [11]. The oxidation of the HM layer also provides
an effective way to enhance the SOT efficiencies [23–
28]. The oxidation-level engineering opens a route to
manipulate the SOTs through voltage-driven oxygen mi-
gration [24, 29, 30]. Although these studies suggest an
important role of the SOTs generated at the oxidized
HM/FM interfaces, the role of the oxidation of the FM
layer near the interface is still unclear.
In this paper, we report the role of the interfacial ox-
idation in the generation of the SOTs in the HM/FM
films. We measured damping-like (DL) and field-like
(FL) SOTs for Pt/Co and Pt/Ni81Fe19 (Pt/Py) films.
Our results show that the interfacial oxidation can en-
hance or suppress the SOTs, depending on the ferromag-
netic layer. The enhancement of the SOTs appears in the
Pt/Co bilayer, where the interfacial oxidation enhances
the interfacial spin-orbit coupling. The situation is differ-
ent in the Pt/Py bilayer, where the interfacial spin-orbit
coupling is suppressed by the interfacial oxidation. In the
Pt/Py film, the role of the interfacial oxidation is solely
to change the real and imaginary parts of the spin mixing
conductance, resulting in the suppression of the DL-SOT
and enhancement of the FL-SOT.
II. EXPERIMENTAL METHOD
The effect of the interfacial oxidation on the genera-
tion of the SOTs was studied in two standard systems,
Pt/Co and Pt/Py films. The Co and Py layers with the
thickness of tFM were respectively deposited on thermally
oxidized Si substrates by sputtering, and subsequently
exposed to the air for 30 minutes, which results in the
formation of surface oxidized layers: CoOx and PyOx.
On the surface of the oxidized FM layer, a 10-nm-thick
Pt layer was sputtered (see Fig 1(a)). For comparison,
non-oxidized Pt/Co and Pt/Py films were also fabricated
by sputtering without breaking the vacuum during the
deposition.
The formation of the CoOx and PyOx layers on the
surface of the FM layers was confirmed by X-ray photo-
2810 800 790 780
Binding Energy (eV)
730 725 720 715 710 705
Binding Energy (eV)
890 880 870 860 850
Binding Energy (eV)
(a) (b)
(c)
Ni 2p
3/2
Ni 2p
3/2 Fe 2p3/2
Fe 2p
3/2
Bulk
Surface
Bulk
Surface
Co 2p
3/2Co 2p
3/2
Bulk
Surface
Satellite
Satellite
In
te
n
s
it
y
 (
a
rb
.u
n
it
)
(d)
Exposed to the air
Pt (10  nm)
FM
　t　 eff
Surface
       oxidation
Surface
       oxidation
FM FM
SiO2/Si sub. SiO2/Si sub.
In
te
n
s
it
y
 (
a
rb
.u
n
it
)
In
te
n
s
it
y
 (
a
rb
.u
n
it
)
FIG. 1. (a) Schematic of the oxidized Pt/FM films, where the
surface of the FM layer was exposed to the air for 30 minutes
before the Pt-layer deposition. (b) The XPS spectra of Co 2p
from the surface and bulk of the surface oxidized Co film. The
XPS spectra of (c) Ni 2p and (d) Fe 2p from the surface and
bulk of the surface oxidized Py film. The symbols represent
experimental data and the curves are the fitting results.
electron spectroscopic (XPS) measurements. The chem-
ical states of Co, Ni, and Fe were detected by using a
MgKα (1253.6 eV) source and a hemispherical energy
analyzer (pass energy of 10 eV with a resolution of 0.03
eV). The XPS spectra were recorded following the pro-
cedure. Firstly, the chemical states of all the elements at
the FM surface were examined after the natural oxida-
tion. Then, the oxidized surface layer was removed by Ar
ion milling in the XPS vacuum chamber, allowing us to
observe the unoxidized FM bulk. As shown in Fig 1(b),
both the 2p3/2 and 2p1/2 peak positions of the naturally-
oxidized surface Co shift to higher binding energy, i.e.,
780.00 and 796.02 eV, respectively, compared with that of
the bulk, 777.69 and 792.84 eV. Besides, the energy sepa-
ration of the 2p peaks are enhanced from ∆Co = 15.20 eV
to ∆CoOx = 16.02 eV with the appearance of the satellite
peaks. These results provide the evidence of the oxidized
Co surface [31, 32]. For Ni in the Py film, similar results
were observed in the XPS spectra, shown in Fig 1(c), in-
dicating the surface oxidation of Ni. For Fe in the Py
film, the shifts of 2p peaks to high binding energy and
enhancement of the energy separation of the two peaks
in Fig 1(d) confirm the formation of FeOx [32], which
is consistent with the scenario that Fe is preferentially
oxidized in Py alloys [33]. These results show that the
CoOx and PyOx layers were formed at the FM surface,
while the bulk of the Co and Py remains unoxidized.
To measure the SOTs using spin-torque ferromagnetic
resonance (ST-FMR), the Pt/Co, Pt/CoOx/Co, Pt/Py,
and Pt/PyOx/Py films were patterned into rectangu-
lar strips with the width of 10 µm and length of 100
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FIG. 2. (a) Schematic of the device structure and experi-
mental set up for the ST-FMR measurement. The ST-FMR
spectra Vmix measured at the frequency from f = 5.0 GHz to
13.0 GHz for the (b) Pt/Co and (c) Pt/CoOx/Co films, re-
spectively. The applied microwave power was 24.7 dBm. (d)
The inverse of the ST-FMR spin-torque efficiency 1/ξFMR as
a function of the inverse of the effective Co layer thickness
1/teffFM for the Pt/Co, Pt/CoOx/Co, and Pt/Ti/CoOx/Co
films. The solid circles are the experimental data. The solid
lines are the linear fitting results.
µm using photolithography and Ar-ion etching. For
the ST-FMR measurements, an in-plane external field
H was applied at an angle of 45◦ from the longitudi-
nal direction of the strips. A radio frequency (RF) cur-
rent with a frequency of f was also applied as shown
in Fig 2(a). The RF current in the device generates
the DL- and FL-SOTs, as well as an Oersted field
torque. The SOTs and Oersted field torque excite mag-
netic precession under the FMR condition: (2pif/γ) =√
µ0HFMR(µ0HFMR + µ0Meff), where γ is the gyromag-
netic ratio, HFMR is the FMR field, and µ0Meff is the
effective demagnetization field [34]. The precessing mag-
netization generates a direct-current (DC) voltage Vmix
through the mixing of the applied RF current and os-
cillating resistance due to the anisotropic magnetoresis-
tance (AMR) of the FM layer [18, 35]:
Vmix = Vsym
W 2
(µ0H − µ0HFMR)2 +W 2
+Vanti
W (µ0H − µ0HFMR)
(µ0H − µ0HFMR)2 +W 2
, (1)
where W is the spectral width. Vsym and Vanti are the
symmetric and antisymmetric components of Vmix. Vsym
is generated by the DL effective field HDL and Vanti is
3generated by the FL effective field HFL, as well as the
Oersted field HOe [34].
III. RESULTS AND DISCUSSION
First, we study the effect of the interface oxidation on
the SOTs in the Pt/Co bilayer. Figures 2(b) and 2(c)
show the DC voltage Vmix measured for the Pt/Co and
Pt/CoOx/Co films at f from 5 to 13 GHz. This result
shows that both symmetric and antisymmetric voltage
are generated in the Pt/Co and Pt/CoOx/Co films. Here,
by fitting the measured Vmix spectra using Eq. (1), the
FMR spin-torque generation efficiency, defined as
ξFMR =
Vsym
Vanti
eµ0Mst
eff
FMtPt
~
√
1 +
Meff
HFMR
, (2)
can be obtained, where tPt is the thickness of Pt layer.
Ms is the saturation magnetization of the FM layer.
The effective thicknesses of the FM layer teffFM was de-
termined from tFM dependence of the saturation mag-
netization per unit area, measured using a vibrating
sample magnetometer. The FMR ξFMR spin-torque ef-
ficiency is related to the DL- and FL-SOT efficiencies,
ξDL(FL) = (2e/~)µ0Mst
eff
FMHDL(FL)/jPt, where jPt rep-
resents the RF charge current density in the Pt layer,
as [34]
1
ξFMR
=
1
ξDL
(
1 +
~
e
ξFL
4piMsteffFMtPt
)
. (3)
Equation (3) shows that the DL- and FL-SOT efficien-
cies, ξDL(FL), can be determined by measuring 1/t
eff de-
pendence of 1/ξFMR. In Fig. 2(d), we show the 1/t
eff
FM
dependence of 1/ξFMR. From this result with Eq. (3), we
obtained the DL- and FL-SOT efficiencies for the Pt/Co
film as ξDL = 0.103 and ξFL = 0.0303. These values are
consistent with ξDL(FL) reported previously [36].
The SOT efficiencies in the Pt/Co bilayer are enhanced
by the oxidation of the interfacial Co layer. From the
1/teffFM dependence of 1/ξFMR for the Pt/CoOx/Co film
shown in Fig. 2(d), we obtained the DL- and FL-SOT
efficiencies as ξDL = 0.204 and ξFL = 0.0639 for the
Pt/CoOx/Co film. The SOT efficiencies are summa-
rized in Table I. This result shows that both DL and
FL torque efficiencies are enhanced by the interfacial ox-
idation of the Pt/Co film, which is consistent with a pre-
vious report [37]. The previous study suggests that the
enhancement of the SOTs is induced by the increase of
the transmission efficiency of the spin current generated
by the spin Hall effect in the Pt layer due to the anti-
ferromagnetic nature of the CoOx layer. However, the
origin of the enhancement, in particular the role of the
interfacial spin-orbit coupling, remains unclear.
There are two possible sources responsible for the en-
hancement of the SOTs induced by the interfacial ox-
TABLE I. The DL-SOT efficiency ξDL and the FL-SOT ef-
ficiency ξFL for the Pt/Co, Pt/CoOx/Co, Pt/Ti/CoOx/Co,
Pt/Py, and Pt/PyOx/Py films.
Layer structure ξDL ξFL
Pt/Co 0.103 ± 0.018 0.0303 ± 0.017
Pt/CoOx/Co 0.204 ± 0.022 0.0639 ± 0.013
Pt/Ti/CoOx/Co 0.116 ± 0.015 0.0478 ± 0.014
Pt/Py 0.0476 ± 0.0012 0.00334 ± 0.00104
Pt/PyOx/Py 0.00800 ± 0.00068 −0.0130 ± 0.0024
idation of the Pt/Co film: the bulk spin-orbit cou-
pling and interfacial spin-orbit coupling. The DL effi-
ciency due to the bulk spin-orbit coupling is expressed as
ξDL,bulk = TintσSHE, where Tint(≤ 1) is the transparency
of the spin current generated by the bulk spin Hall effect
and σSHE is the spin Hall conductivity of the Pt layer. In
the Pt/Co bilayer, the SOTs are dominated by this bulk
mechanism and the SOTs arising from the interface are
negligible [38] . However, ξDL,bulk can still be enhanced
by the interfacial oxidation. The reason for this is that
Tint can still be improved because at the non-oxidized
Pt/Co interface, Tint is reduced by the spin memory loss,
caused by the spin-orbit coupling. Thus, a possible origin
of the enhancement of Tint that can be induced by the in-
terfacial oxidation is the suppression of the interface spin
memory loss, which can be induced when the interfacial
oxidation suppresses the interfacial spin-orbit coupling.
Another possible origin is the efficient spin transmission
across the CoOx layer with the antiferromagnetic nature,
produced by the interfacial oxidation.
To clarify the role of Tint in the enhancement of the
SOT efficiencies induced by the interfacial oxidation, we
measured the ST-FMR for the Pt/Ti/CoOx/Co film with
various teffCo, where the 1-nm-thick Ti layer is inserted
between the Pt and CoOx layers. Here, the thickness
of the Ti layer is much smaller than the spin diffusion
length of Ti, 13 nm [39]. From the 1/teffFM dependence
of 1/ξFMR shown in Fig. 2(d), we obtained the DL- and
FL-SOT efficiencies ξDL = 0.116 and ξFL = 0.0478 for
the Pt/Ti/CoOx/Co film; both DL and FL efficiencies in
the Pt/CoOx/Co film are clearly suppressed by the Ti
insertion.
The suppression of ξDL induced by the Ti inser-
tion indicates that the possible enhancement of Tint is
not responsible for the enhancement of the SOTs in-
duced by the interfacial oxidation. Here, Tint in the
Pt/Ti/CoOx/Co film is expected to be comparable or
larger than that in the Pt/CoOx/Co film because the
possible efficient spin transport across the CoOx layer is
present in both films, and the insertion of a thin layer
with weak spin-orbit coupling, i.e., the Ti layer, reduces
the interface spin memory loss, and therefore enhances
Tint [40]. Thus, if Tint of the Pt/Co film is enhanced by
the interfacial oxidation, and this enhancement is respon-
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FIG. 3. The ST-FMR spectra Vmix measured at the frequen-
cies from f = 5.0 GHz to 13.0 GHz for the (a) Pt/Ni81Fe19
(Pt/Py) and (b) Pt/PyOx/Py films, respectively. The ap-
plied microwave power was 24.7 dBm. (c) The inverse of the
ST-FMR spin-torque efficiency 1/ξFMR as a function of the
inverse of the effective Py layer thickness 1/teffFM for the Pt/Py
and Pt/PyOx/Py films. The solid circles are the experimen-
tal data. The solid lines are the linear fitting results. (d)
The 1/teffFM dependence of the effective demagnetization field
µ0Meff for the Pt/Py and Pt/PyOx/Py films. The solid cir-
cles are the experimental data. The solid lines are the linear
fitting results.
sible for the enhancement of the SOT efficiencies, the
same effect should be observed in the Pt/Ti/CoOx/Co
film, which is different from the experimental result. This
shows that the possible enhancement of the SOT aris-
ing from the bulk spin Hall effect thorough the change
of Tint is not the dominant mechanism of the enhance-
ment of the SOT efficiencies. The minor role of the
bulk spin Hall effect indicates that the spin-orbit cou-
pling at the Pt/CoOx and/or CoOx/Co interfaces is the
source of the efficient SOTs in the Pt/CoOx/Co film.
The clear difference in ξDL between the Pt/CoOx/Co
and Pt/Ti/CoOx/Co films shows that the Pt/CoOx in-
terface is the main source of the efficient SOT generation,
indicating a strong spin-orbit coupling at the Pt/CoOx
interface.
The situation changes drastically by replacing the Co
layer with Py. Figures 3(a) and 3(b) show the ST-FMR
for the Pt/Py and Pt/PyOx/Py films. In Fig. 3(c), we
show the 1/teffFM dependence of 1/ξFMR. The 1/t
eff
FM de-
pendence of 1/ξFMR shows that the intercept for the
Pt/PyOx/Py film is clearly larger than that for the
Pt/Py film, indicating smaller ξDL in the Pt/PyOx/Py
film. This result further shows that the sign of the slope
of the 1/teffFM dependence of 1/ξFMR is reversed by the
interfacial oxidation, showing that the sign of ξFL is op-
posite between the Pt/Py and Pt/PyOx/Py films. By
fitting the result shown in Fig. 3(c), we obtained the SOT
efficiencies ξDL and ξFL for the Pt/Py and Pt/PyOx/Py
films, as shown in Table I.
In the Pt/Py film, the interfacial oxidation suppresses
ξDL from 0.0476 to 0.00800, which is in contrast to the
result for the Pt/Co film, where the interfacial oxidation
enhances ξDL. The DL-SOT in the Pt/Py bilayer is dom-
inated by the bulk spin Hall effect of the Pt layer [41], in-
dicating that the suppression of ξDL arises from the sup-
pression of Tint, rather than the suppression of the DL-
SOT originating from the interface. There are two pos-
sibilities that suppress Tint. A possibility is the enhance-
ment of the interface spin memory loss due to the inter-
facial oxidation. Another possibility is that the PyOx
layer suppresses the real part of the bare spin mixing
conductance Re[G↑↓] due to the insulating nature [42].
The suppression of ξDL in the Pt/Py film cannot be at-
tributed to the change of the interface spin memory loss.
The evidence for this was obtained from the magnetic
damping affected by the spin pumping. In the Pt/Py
bilayer, the spin pumping driven by FMR emits a spin
current from the Py layer into the Pt layer, which gives
rise to additional magnetic damping. The effective mag-
netic damping αeff in the presence of the spin pumping
is expressed as [43]
αeff = αint +Re[G
↑↓
eff,tot]
gµBh
4pie2Ms
1
dFM
, (4)
where αint is the intrinsic magnetic damping of the
Py layer, g is the g-factor, µB is the Bohr magnetron,
and h is the Planck constant. The real part of a to-
tal effective spin mixing conductance Re[G↑↓eff,tot] con-
sists of two components: Re[G↑↓eff,tot] = Re[G
↑↓
eff] +GSML,
where G↑↓eff is the effective spin mixing conductance and
GSML is the additional component due to the spin mem-
ory loss at the Pt/FM interface. Re[G↑↓eff,tot] for the
Pt/Py and Pt/PyOx/Py films can be extracted by fit-
ting 1/dFM dependence of αeff using Eq. (4). The result
is Re[G↑↓eff,tot] = 1.14 × 10
19m−2 for the Pt/Py film and
Re[G↑↓eff,tot] = 0.567×10
19m−2 for the Pt/PyOx/Py film,
showing that Re[G↑↓eff,tot] is suppressed by the interfacial
oxidation. This indicates that GSML at the Pt/PyOx
and PyOx/Py interfaces is not significant, showing that
the possible enhancement of the spin memory loss is not
the dominant source of the suppression of ξDL in the
Pt/PyOx/Py film. The minor role of the change of the
interface spin memory loss is supported by the interface
perpendicular magnetic anisotropy (PMA) energy den-
sity Ks, which originates from the interfacial spin-orbit
coupling [44, 45]. For the Pt/Py and Pt/PyOx/Py films,
Ks was determined from 1/tFM dependence of the effec-
tive demagnetization field µ0Meff , shown in Fig. 3(d),
using
µ0Meff = µ0Ms −
2Ks
MsteffFM
, (5)
5where µ0Meff was obtained by fitting f dependence of
HFMR using Kittel formula. The obtained interface PMA
energy density is Ks = 0.308 mJ/m
2 for the Pt/Py film
and Ks = 0.118 mJ/m
2 for the Pt/PyOx/Py film; Ks is
decreased by the interfacial oxidation. This result sug-
gest that the interfacial spin-orbit coupling and interface
spin memory loss are suppressed by the interfacial oxida-
tion, since a previous study has shown that the increase
of the interface spin memory loss due to the spin-orbit
coupling at HM/FM interfaces is associated with the in-
crease of Ks [38]. These results indicate that the sup-
pression of ξDL is originates from the suppression of the
real part of the bare spin mixing conductance Re[G↑↓],
which suppresses the interface spin transparency Tint.
The interfacial oxidation of the Pt/Py bilayer changes
the sign and enhances the magnitude of ξFL, as shown
in Table I, which can be attributed to the change
of the imaginary part of the spin mixing conductance
Im[G↑↓]. The minor role of the spin memory loss in the
Pt/PtOx/Py film shows that the interfacial spin-orbit
coupling is not significant, suggesting that the FL-SOT
in this film mainly originates from the bulk spin Hall
effect in the Pt layer. In the scenario of the bulk spin
Hall effect, the DL-SOT is generated by the injection of
the spin current into the ferromagnetic layer, while the
FL-SOT arises from the reflection of the spin current at
the interface. The DL-SOT and FL-SOT in this model
are approximately proportional to the real and imagi-
nary parts of the spin mixing conductance, Re[G↑↓] and
Im[G↑↓], respectively [16]. The insulating PyOx layer
suppresses the real part of the spin mixing conductance
Re[G↑↓] [42], resulting in the suppression of ξDL by the in-
terfacial oxidation. In contrast, Im[G↑↓] can be enhanced
due to the barrier because a spin current reflected at the
interface experiences a large angle rotation of its spin di-
rection, which corresponds to a larger value of Im[G↑↓].
This is consistent with the enhancement of ξFL. We also
note that the sign of Im[G↑↓] is sensitive to the electronic
structure of the interface; the sign of ξFL is opposite due
to the opposite sign of Im[G↑↓] in Pt/Ni and Pt/Fe bi-
layers [46]. This suggests that the interfacial oxidation of
the Pt/Py bilayer changes the magnitude and sign of the
imaginary part of the spin mixing conductance, resulting
in the change of the FL-SOT originating from the bulk
of the Pt layer.
IV. CONCLUSION
In summary, we investigated the DL- and FL-SOT ef-
ficiencies in the HM/FM structures in the presence of the
interfacial oxidation. In the Pt/Co bilayer, the interfacial
oxidation enhances both DL- and FL-SOT efficiencies.
The dominant source of the SOTs in the Pt/CoOx/Co
film is the spin-orbit coupling at the Pt/CoOx interface,
showing that the interfacial oxidation enhances the in-
terfacial spin-orbit coupling. In contrast, in the Pt/Py
film, the interfacial oxidation suppresses the DL-SOT
efficiency, while it changes the sign of the FL-SOT. In
the Pt/Py and Pt/PyOx/Py films, the interfacial spin-
orbit coupling plays a minor role, as evidenced by the ef-
fective spin mixing conductance and interface magnetic
anisotropy. In the Py-based films, the bulk spin-orbit
coupling is responsible for the SOTs. In this system, the
change of the SOTs can be attributed to the change of
the real Re[G↑↓] and imaginary Im[G↑↓] parts of the spin
mixing conductance. The interfacial oxidation suppresses
Re[G↑↓], which is associated with the enhancement of
Im[G↑↓], due to the insulating nature of the PyOx layer.
These results demonstrate that the interfacial oxidation
provides an effective way to manipulate the strength and
sign of the SOTs.
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